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index: 

An expression for the metal distribution ratio in electroplating systems as a function of the primary 
current density ratio L in the form M = L [W(1 -- r)/(1 + K)] is derived, W, r and K are three dimension- 
less parameters related to the current efficiency ratio, the concentration polarization and activation 
polarization during the metal discharge. The function [W(1 --r)/1 + K] is compared with 1 / A ,  the 
logarithmic throwing index empirically determined by Chin. The metal distribution ratio calculated by 
the use of the above formula is compared with the experimentally observed values. The close agreement 
between the two within an accuracy of 10% proves the validity of the equation derived. The logarith- 
mic throwing power of electroplating systems is thus confirmed on theoretical grounds. 

Nomenclature 

Z 

b =  

d n = 

d s = 

E =  

E n = 

E s = 

e a = 

e n = 

ef  = 

f =  

i =  

i n = 

is= 

, t  

l n 

,P 
l s = 

irl n = 

Logarithmic Throwing Index - inverse of 
the slope of the plot of log M versus log L 
Tafel slope. Slope of the equation 
r~ = a  + b logi 
Current efficiency in percent for metal 
deposition at near cathode i~f = 
Current efficiency in percent for metal 
deposition at far cathode 
The overall cell potential iMn = 

The potential drop in the electrolyte be- 
tween the anode and near cathode iMf = 
The potential drop in the electrolyte be- 
tween the anode and far cathode K = 
Dynamic anode potential L = 
Dynamic potential at the near cathode at a In = 

current density i" Is = 
Dynamic potential at the far cathode at a M = 
current density i" m n =  

a fraction = iL -- i" 
iL - - i [  m s  = 

The average current density (A dm -2) 
The primary current density at the near R = 
cathode when there is no polarization r = 
(A dm -2) 

The primary current density at the far W = 
cathode when there is no polarization 
(A dm -2) 

The secondary current density at the near 
cathode (A dm -2) 
The secondary current density at the far 
cathode (A dm -2) 
The partial cathode current density at the 
near cathode for parallel cathodic reactions 
other than metal discharge (A dm -2) 
The partial cathode current density at the 
far cathode for parallel cathodic reactions 
other than metal discharge (A dm -2) 
The partial cathode current density for 
metal discharge at the near cathode 
The partial cathode current density for 
metal discharge at the far cathode 
A dimensionless parameter = b / 2 . 3 E f  

Linear Ratio = U l n  or in / i  f 

Linear distance of the near cathode (cm) 
Linear distance of the far cathode (cm) 
Metal distribution ratio 
Weight of  metal deposited on the near 
cathode 
Weight of  metal deposited on the far 
cathode 
Secondary current distribution ratio = i'n/i'f 

A dimensionless parameter related to K and 
f and given by f =  ( l / L )  r/K 

A dimensionless parameter related current 
efficiency ratio R w -  1 = d n / d f  
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p = Specific resistivity of the electrolyte 
(fz cm -~) 

~n = The overpotential at the near cathode (V) 
rlf = The overpotential at the far cathode 
io = The exchange current density 

1. Introduction 

The primary current distribution over an electrode 
in an electrolytic cell is solely determined by the 
cell geometry, the cell size, the shape and the 
position of the electrodes in the cell. In electro- 
plating, the amount of metal deposited on an area 
will be proportional to primary current density on 
that area provided there is equal or no polarization 
and the current efficiency for metal deposition is 
100%. But in practice, the actual current distri- 
bution over the electrode tends to become more 
uniform because of the influence of polarization 
effects and varying current efficiencies with the 
changes in the primary current distribution over 
the area. 

1.1. F o r m u l a e  f o r  t h r o w i n g  p o w e r  

Several methods have been used to measure what 
is termed as 'Throwing Power' of  the plating baths 
and a number of formulae [1-6] have been pro- 
posed to express this throwing power (Table 1). 

Table 1. Various formulae for  throwing power  

Ha.ring [1] 
Heatley-Pan [2] 
Field [3] 
Subramanian [5 ] 
Jelenick & David [4] 

Gardam [ 7 ] 

Chin [131 

(L -- M) / L  
(L -- M) / (L  -- 1) 
(L - - M ) / ( L  + M -  2) 
(L -- M)]M(L -- 1) 
M = m L + C  
1/m is known as Throwing Index 

(Linear) 
T = 1/i + 2iln/N whereN = b/2p 
N is known as Throwing Number 
M = L(1 /A)  or 

logM= (l/A) logL 
A is termed Logarithmic 

Throwing Index 

Most of these formulae are empirical, and the 
values so expressed are related to a particular geo- 
metry of the cell. The Haring-Blum cell is the one 
most commonly used in the determination of the 
throwing power even though its limitations have 

been discussed by many authors [7-10]. Recently, 
Chey and Wan [11] have developed three methods 
of approximation to predict metal distribution in 
electroplating systems. As it is desirable to have a 
single-valued parameter to express the capability 
of an electroplating bath for metal distribution 
over a range of Linear Ratios, Jelenik and David 
[4] derived the Linear Throwing Index. The limi- 
tations of the Linear Throwing index was dealt 
with by Watson [12], Subramanian [5] and 
recently by Chin [13]. Chin has proposed a 
'logarithmic throwing index' as a measure of 
throwing power. He found that among several 
functions tested, the equation 

M = L 1/A (1) 

gave the best fit to the experimental data and still 
retained the characteristics of a single-valued para- 
meter. However, in conclusion he stated 'The 
method is proposed principally as an empirical 
tool to minimize the experimental effort required 
for electroplating studies. It is felt that further 
theoretical study is necessary to clarify why the 
throwing power of plating baths follows the logar- 
ithmic fashion as suggested by Equation (1)'. 

1.2. O b j e c t i v e  o f  t h e  p r e s e n t  p a p e r  

The present paper describes one such attempt to 
explain why the throwing power of plating baths 
follows the logarithmic fashion as found by Chin. 
An equation for the metal distribution has been 
derived which is of the form of Equation 1 where 
A is found to be a function the specific resistance 
of the electrolyte, the average current density, the 
current efficiency for the metal discharge, its limi- 
ting current density and the Tafel slope. 

2. Theoretical derivation of the equation M = L t/a 

A Haring Cell with two cathodes and a gauze 
anode with a large area placed in between the 
cathodes as described by Haring and Blum [1 ] is 
used for the derivation of the equation. It is evi- 
dent that the cell voltage is 

E = e a + p ln in  + en = ea + p l f i f  + e l .  (2) 
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Table 2. Percentage error due to the approximation a x = 1 + 2.3 x log a 

x = 0 . 2  x = O . 1  x = O . 0 5  

a (1 + Y) R~ Error (1 + Y) R~ 
(%) 

Error (1 + Y) R~ Error 
(%) (%) 

20 1.5986 0.4463 27.71 1.2992 
10 1.46 0.196 13.43 1.23 
5 1.3215 0-07617 5.763 1-1608 

0.06389 4-917 1.1496 0-0131 1.139 
0.04085 3.322 1.115 0.0075 0-673 
0.01541 1.327 1.0804 0.0009 0-083 

2.1. Pr imary  curren t  d i s t r ibu t ion  ratio L 

When there is no or negligible polarization at the 
cathodes and if  e a is negligibly small, Equation 2 
reduces to 

pln i  n = pl f i f  (3) 
i.e. 

( in / i f )  = (If / ln) = L .  (4) 

2.2.  S e c o n d a r y  curren t  d i s t r ibu t ion  R 

In practical plating, there will be polarization at 
the cathodes and it will be a function o f  the cur- 
rent densities at the cathodes. Now, if  in and i~ are 
the current densities at the near and the far cath- 
odes respectively, due to secondary current distri- 
bution,  then 

. t  
E = e a + p l n i '  n + e  n = e a + O l f t f + e f  (5) 

with e a small and equal on both sides, 

Plni"  + e,, = pli~ + ef  (6) 

plni'n = plfi~ + ef  - -  e n = plfi~ + (~,, - -  ~f). (7) 

Dividing both sides o f  Equation 7 by i'fpln, we get 
. !  .!  

( tn/ t f)  = ( l f / l , )  + O?n - - n f ) / P l n { f .  (8) 

I f  we now define the secondary current distri- 
but ion ratio (i ' / i ' f )  = R and divide both  sides o f  
Equation 8 by L,  

(R/L) = 1 + ( ~ n - - ~ f ) / E f  (9) 

where Ef  = plfi'f. 

2.3. T h e  variation o f  ove rpo t en t i a l  w i t h  curren t  
dens i t y  

In the case of  an electrode reaction under acti- 
vation and concentration polarization, Bockris 
[14] has shown that 

i = io{(1 - - i / iL)  exp ( - -azF~?/RT)  
(10) 

--  exp [(1 --  a)zF~?/RT]} .  

When r? is sufficiently large 07 > 0"05 V), the dis- 
solution current term (i.e. the second term within 
the curly brackets of  Equation 10), can be neglec- 
ted and we get 

i = io[(1 - - / / iL)  exp ( - - a z F ~ ? / R T ) ]  (11) 
o r  

- - r /  = b loge [ ( i / i o ) / ( 1 - - / / i L )  ] (12) 

where b = R T / a z F .  Therefore, 

- -  r/f = b loge [(i~/io)/(1 - -  i 'f/iL)] (13) 
and 

- -  ~/n = b lOge [(i'n/io)/(1 - -  i ' / iL ) ] .  (14) 

Substituting the values of  r/f and r/n from Equa- 
tions 13 and 14 in Equation 9 and rearranging, one 
gets 

( R / L )  = 1 - -  ( b iEr )  log e {(i" /i ' f)[(i~ --  i 'O/(iL - -  in)]} 

(15) 
= 1 - -  ( b / E  0 loge [({n/i~)(1/f)] (16) 

where 
f = [(iL --  i'n)/(iL - -  i~)]. 

2.4. The  a p p r o x i m a t i o n  o f  l + x log e a ~ a x 

The power series 

a x = 1 + x loge a + (x2/L2) / ( loge  a) 2 

+ x 3 / L  a" (log e a) 3 + . . . . . .  (17) 

can be compared with the geometric series 

s = 1 + x loge a + x2(loge a) 2 + x3(log~ a) a + . . .  

(18) 

which is convergent when x log e a is less than 1. 
Now if  we consider each term after the third term 
of  the first series in Equation 17, it will be less 
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than half of the corresponding terms of the series 
in Equation 18. If  we denote the remainder after 
the third term of the series in Equation 17 as R 
and that of Equation 18 as R~, then 

R 1 < R~ (19) 
and 

R~ = Y2/(1 -- Y )  (20) 

where Y = x log e a. 
So when the approximation 1 + x loge a ~ a :r is 

used, the error involved will be less than 

[R~/(1 + Y)] 100% (21) 

In Table 2, the percentage error involved in 
such an approximation is tabulated for values of 
a = 20, 10 and 5 and x = 0-2, 0.1 and 0"05. It is 
evident when x < 0.1 that the error is less than 5% 
for a = 20, 10 or 5. Therefore, using the approxi- 
mation given by Equation 21 within the limits 
a < 20 andx < 0.1 in Equation 16, Equation 16 
reduces to 

(R/L) = (i 'n/{f) ( - b / 2 " B E f ) "  f ( b / 2 " a E f )  
or (22) 

(R/L) = R - K .  f K  

where K = (b/2"3 E 0 

�9 ".R (I+K) = L . f K  (23) 

2.5�9 To express f as a function o f  L: definition o f  
'r' 

In Equation 16, f i s  defined as equal to 
(iL -- i'n)/(ir. --  i'~) and it is evident that f is always 

�9 I . I  

a positive fraction because iL > In > tf. 
At low current densities or at high metal ion 

concentration in the bath ii~ >~ i" > i} and f tends 
to 1. 

At high current densities i~ approaches iL and f 
tends to zero�9 But f cannot have a value zero, be- 
cause by Equation 23 R will then become zero 
which is not observed in practice�9 The limiting 
value o fR  isR = 1. 

When R = 1, by Equation 23 

f n  1 
L "  

The limiting value for f is therefore, 

1 < f K  < 1 (24) 
L 

which condition is met with when f is expressed as 

f =  ( l /L )  r/K with 0 < r < l .  (25) 

Thus when r tends to 1, the secondary current dis- 
tribution is improved; that is throwing power 
should improve and when it tends to zero the secon, 
dary current distribution equals primary current 
distribution (from Equations 23 and 25)�9 

Now Equation 23 can be written as: 

R O+h3 = L ' f  K = L[(1/L)r/K] K = L (l-r) (26) 

o r  
R = L [(1-r) / t l+K)]  . (27) 

2.6. The relationship between current efficiency 
ratio and secondary current distribution ratio: 
definition o f  W 

If the metal deposition were the only reaction at 
the cathodes, the metal ratio would be directly 
equal to the secondary current distribution ratio R. 
But in the commercial aqueous plating solutions, 
there is a possibility for the reduction of impuri- 
ties and addition agents as well as the discharge of 
hydrogen ions along with metal deposition. 

If we denote i M as the partial current density 
for the metal discharge and iH as the partial cur- 
rent density for the parallel cathodic reactions 
such as hydrogen evolution, reduction of impuri- 
ties, addition agents etc. then 

I n = lMnq- lHn 
and (28) 

i~ = i~  r + iHr  

The current efficiency by definition will then be 
given by 

dn = (imn/i') 
and (29) 

�9 , t  

Therefore, the ratio of current efficiencies, which 
is responsible for metal distribution at the cath- 
odes, will be given by 

(dn/df) = [(iMn/i'n)/(iMJi~)]. (30) 

From Equations 28 and 30 

(dn/df) = [(in -- ittn)/i'n] [i[l(i~ -- iHf)] 

= [(i'd{n)] [(i" -- ian)/(i ~ -- ii~f)]. (31) 

When zn, t,, 1.e. when the current at the near 
cathode is utilized principally for hydrogen 
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discharge or other reduction processes, the current 
efficiency ratio tends to zero and when irif ~ i~ 
there is no deposit at the far cathode (e.g. in 
chromium deposition). Further, since i H <  i the 
quantity within the square brackets can never be 
negative. Hence, this can be expressed as a func- 
tion of  R with limiting values 0 and ~o. Hence we 
denote 

[(in -- in,)/(i'f -- iHf)] = R w (32) 

where --  ~ < W < + % since R = (i',/i'~) is always 
/> 1. Therefore, from Equations 31 and 32 we get 

1 R w  = R(W_x) (33) dn/d f = -~" 

2.7. The metal distribution ratio as a function of" 
the primary current distribution ratio 

From Equation 30 we get 

(iMn/i~f) = (dn/d,)(i" /i'f) 
i.e. 

M = d___~n. R. (34) 
df 

From Equations 33 and 34 

M = R(w-1)R ~- R w. (35) 

Substituting Equation 27 for R in Equation 35 

M = {L[O-')/(x+a31} w = L tw('-r)/~ (36) 

which is of  the form M = L a/A proposed by Chin 
with 

[W(1 -- r ) ] / (1  + K )  = l /A ,  (37) 

where r is the parameter expressing the influence 
of  concentration polarization and K is the para- 
meter expressing the influence of  the Tafel slope b, 
resistivity o f  the electrolyte O and the current den- 
sity at the far cathode. The factor W denotes the 
effect of  current efficiency ratio on metal distri- 
bution ratio. Qualitatively;that an increase of  W, a 
decrease of  r, a decrease in the slope of  the current 
density/potential curve, an increase of  electrolyte 
resistivity and an increase of current density will 
decrease the throwing power, is evident from 
Equation 36. 

2.8. Verification o f  Equation 36 

The following data are required for the calculation 
of  K, r and W in Equation 36 from the definition 

of  

K = b/2.3Ef = b/2.3pl~i'~. (Equation 22) 

[(iL -- i ') /(iL -- i~)] = ( i / r )  r/K (Equation 25) 

and 
(dn/df) = R (w-x). (Equation 33) 

From the data given by Haring and Blum, the cal- 
culation of  M is illustrated below: 

2.8.1 Cyanide coppe~ bath. 
L - - 5 ;  
i = the cell current 1A dm-2; 
. t  t ,  = 0"821A din-2; 
. t  
tf -= 0"179 A dm-2; 
0 = 17"4~2 cm-2; 
b --- 0.1984 (calculated by Gardam); 
iL = 2 A dm -2 (assumed); 

dn = 49"1%; 
d~ = 75"4%. 

(W -- 1) = (log d n -- log d0/ log R = ]-'7180, 

�9 ". W = 0'7180 

K = b/2"3E~ = b/2"3olfi~ 

= 0"1984/2"3 X 17"4 x 50 x 0"00179 

= 0"05539. 

r = - K ( l o g  f/ log L) 

= -- 0"05531 /log (1' 179/1"821)/log 5] 

= 0"01494. 

.'.M = L [ W ( t - r ) / ( l + K ) l  = 5 (0"7180X 0"9851)/1"0553 

= 50.6702 = 2"941. 

Mexpt = 2"990 

A = 1/0"6702 = 1"492. 

In Table 3, the metal distribution ratio calcu- 
lated using Equation 36 is compared with the ex- 
perimental values obtained by Haring and Blum. 
The close agreement between the calculated values 
and the experimental results testifies to the val- 
idity o f  Equation 36. 

2.9. Comparison o f  values o f  'A ' from Equation 36 
with the values o f  'A 'given by Chin 

In Table 4, the metal distribution ratio and A 
calculated using Equation 36 are compared with 
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the experimental values of metal distribution ratio 
reported [15, 16] and the value of A from the 
slope of the log M--log L plot by Chin. This exem- 
plifies the value of logarithmic throwing index as 
well as the validity of Equation 36 derived above, 
in spite of the fact that missing data for the calcu- 
lation of M in certain cases have to be compiled 
from different sources. 

3. Summary 

The logarithmic throwing index A derived by Chin 
empirically from the plot of log M versus log L is 
shown to be a function of K, r and W where K is 
related to the activation polarization, r is related 
to the concentration polarization and W is related 
to the ratio of current efficiencies. The validity of 
the equation M = L [W(1-r)ll+K] has been checked 

with the data from published results from different 
sources and it is found that the metal distribution 
ratio calculated by the above formula is within 
10% of the experimentally observed values. That 
the logarithmic throwing index can be used as a 
single valued parameter for measuring throwing 
power of  electrolytes over a range of Linear Ratios 
has a theoretical basis, is also proved. It is also 
shown that A can be calculated with reasonable 
accuracy from experimentally measurable quan- 
tities using a Haring-Blum type of cell, if the data, 
the current density-potential curve, current 
density-current efficiency curve and the specific 
resistance of the electrolyte are available. 
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